Introduction
The ability to predict therapeutic response is essential for improving care of patients with acute myeloid leukemia (AML). Recent efforts to understand AML variability have focused on the relationship between epigenetic abnormalities -including changes in DNA cytosine methylation -and AML phenotype (1) (2) (3) .
While the mechanism by which aberrant methylation contributes to neoplasia remains incompletely understood, epigenetic alterations show significant correlation with patient outcome in several hematologic BACKGROUND. Variable response to chemotherapy in acute myeloid leukemia (AML) represents a major treatment challenge. Clinical and genetic features incompletely predict outcome. The value of clinical epigenetic assays for risk classification has not been extensively explored. We assess the prognostic implications of a clinical assay for multilocus DNA methylation on adult patients with de novo AML.
METHODS.
We performed multilocus DNA methylation assessment using xMELP on samples and calculated a methylation statistic (M-score) for 166 patients from UPENN with de novo AML who received induction chemotherapy. The association of M-score with complete remission (CR) and overall survival (OS) was evaluated. The optimal M-score cut-point for identifying groups with differing survival was used to define a binary M-score classifier. This classifier was validated in an independent cohort of 383 patients from the Eastern Cooperative Oncology Group Trial 1900 (E1900; NCT00049517).
RESULTS.
A higher mean M-score was associated with death and failure to achieve CR. Multivariable analysis confirmed that a higher M-score was associated with death (P = 0.011) and failure to achieve CR (P = 0.034). Median survival was 26.6 months versus 10.6 months for low and high M-score groups. The ability of the M-score to perform as a classifier was confirmed in patients ≤ 60 years with intermediate cytogenetics and patients who achieved CR, as well as in the E1900 validation cohort.
CONCLUSION.
The M-score represents a valid binary prognostic classifier for patients with de novo AML. The xMELP assay and associated M-score can be used for prognosis and should be further investigated for clinical decision making in AML patients. malignancies, including AML (2, (4) (5) (6) (7) (8) (9) . Despite the recognized relationship between DNA methylation and AML prognosis, clinical methylation assessment is not routine due to lack of a rapid, reliable assay that provides validated prognostic information. Recently, our group developed a microsphere-based assay for simultaneous assessment of DNA methylation status at multiple loci using commonplace clinical laboratory techniques (10, 11) . This assay -xMELP -is an adaptation of the well-established HpaII tiny fragment enrichment by ligation mediated PCR (HELP) assay (12) . We have shown that the technical parameters of xMELP -including precision, locus specificity, analytic sensitivity, and turn-around time -are appropriate for clinical use (10, 11) .
In conjunction with a 17-locus xMELP assay, we developed a methylation-based risk score (M-score) for AML using random forest classification and demonstrated the association between M-score and overall survival (OS) on a limited cohort of AML patients (11) . We hypothesized that M-score would independently predict clinical outcome in patients with de novo AML treated with intensive induction chemotherapy controlling for other prognostic markers.
Results
M-score is not associated with patient or sample characteristic. In total, 166 patients with de novo AML seen at UPENN were studied (Table 1 ). In response to 1 or 2 cycles of induction chemotherapy, 71% achieved complete remission (CR) and 38% were alive at 2 years (Supplemental Table 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.87323DS1).
DNA methylation status at 17 previously identified prognostic loci was assessed by xMELP on a diagnostic sample from each patient (described in Supplemental Table 2 ), and the M-score statistic was calculated using our previously trained algorithm (11) . The mean and median M-score for the UPENN cohort was 92.3 (95% CI, 87.4-97.2) and 91.4 (range, 30.8-197.3), respectively (Supplemental Figure 1) . M-score was c l i n i c a l m e d i c i n e not significantly associated with patient age or sex (Table 1) , specimen type (P = 0.809), or blast percentage (P = 0.415, Supplemental Figure 2 ). M-score is significantly associated with AML clinical response. We next examined the relationship between M-score and both survival at 2 years and ability to achieve remission. The mean M-score for surviving patients was significantly lower than for deceased patients (81.8; 95% CI, 74.3-89.2, vs. 99.5; 95% CI 93.2-105.8, P = 0.0005, Figure 1A ). Patients achieving CR also had a lower mean M-score compared with those who failed to achieve CR (86.8; 95% CI, 81.3-92.4, vs. 105.8; 95% CI, 96.5-115.0, P = 0.0005). Additionally, a univariate Cox survival analysis demonstrated that a 10-unit increase in the M-score was associated with a 10% increase in the hazard of death (P < 0.0001, Table 2 ) and a 20% increase in the odds of failing to achieve CR (Table 3) .
M-score is associated with OS and failure to achieve CR in multivariable models. Given the relationship of genetic characteristics and outcome in AML, we assessed the association of M-score with AML genetic characteristics ( Table 1) . M-score was associated with cytogenetic risk; those with favorable cytogenetics had a lower mean M-score than both the intermediate and unfavorable cytogenetics (P < 0.0001 and P = 0.001, respectively) but there was no difference in mean M-score between intermediate and unfavorable groups (P = 1.0).
The M-score was not associated with established molecular markers of AML risk (NPM1 and FLT3-ITD, Table 1 ) but was associated with mutations in DNMT3A and IDH1, genes involved in regulation of DNA methylation. M-score was not, however, associated with mutations in other methylation regulators, including IDH2, TET2, or WT1 (refs. 13, 14, and Supplemental Table 3 ).
In multivariable Cox analysis, higher M-score and older age were associated with increased hazard of death, while NPM1 + FLT3-ITD -status was associated with decreased hazard of death (Table 2) . Interestingly, the reduced multivariable model for survival included only age and NPM1 +
FLT3-ITD
-status in addition to M-score, and did not include cytogenetics (Table 2) . Similarly, in a multivariable logistic analysis, M-score was associated with increased odds of failing to achieve CR. The reduced multivariable model for failure to achieve CR included M-score, age, and cytogenetics (Table 3) . The association between M-score and hazard of death and odds of achieving CR was not significantly different between younger (≤60 years) and older (>60 years) patients.
Additional multivariable Cox and logistic regression analyses including DNMT3A and IDH1 conducted on the subset of patients with extended molecular data (n = 136) confirmed that M-score remained significantly Tables 4 and 5 ). Notably, NPM1 + FLT3-ITD -was the only genetic marker included in both reduced Cox models, suggesting that M-score is more strongly associated with AML outcome than most individual genetic markers used in current clinical practice.
Risk classification using the M-score. After confirming the independent association of M-score with clinical outcome in AML, we designed a risk classifier for clinical application. Based on the maximization of the log-rank statistic, we determined the optimal binary M-score cut-point (Supplemental Figure 3) . The Kaplan-Meier curves for the low and high M-score groups are shown in Figure 1B (characteristics of the 2 groups described in Supplemental Table 6 ). A high M-score was associated with an increased hazard of death alone (hazard ratio [HR] 2.5, P < 0.0001) and after adjustment for all other factors (HR 1.9, P = 0.003). Median survival for the low and high M-score groups was 26.6 and 10.6 months; 2-year OS was 56% (95% CI, 43.8-67.3) and 24% (95% CI, 15.2-33.1). The CR rate for low and high M-score group was 84% (95% CI, 75.2-92.4) and 61% (95% CI, 50.7-71.0; P = 0.001), respectively ( Table 4 ). The M-score classifier identified groups with different outcome, regardless of whether patients did or did not receive allogeneic stem cell transplant (log-rank P = 0.01 and P < 0.00001, respectively).
AML patients aged ≤ 60 years with intermediate cytogenetics are in particular need of new tools for risk stratification; therefore, the binary M-score classifier was evaluated in this subgroup (described in Table  1 ). Standard prognostic factors were not different between patients with low and high M-scores within this subgroup (Supplemental Table 6 ). The M-score classifier defined groups with significantly different OS (log-rank P = 0.001; HR = 2.4, P = 0.001; Figure 1C and Table 4 ). Another major group in need of risk stratification is the group of patients with intermediate cytogenetics and FLT3-ITD mutation. Remarkably, c l i n i c a l m e d i c i n e the M-score classifier defined sub-groups with significantly different OS within this traditionally high-risk subgroup (log-rank P = 0.001; HR = 3.1, P = 0.002; Supplemental Figure 4 ) Finally, to investigate whether the ability of the M-score classifier to define groups with different OS was merely a reflection of achievement of CR, we restricted analysis to the 118 patients who had achieved CR. The M-score classifier continued to identify patients with significantly different OS (log-rank P < 0.00001; Supplemental Figure 5 ) with median survival 43.9 versus 17.2 months in low-and high-risk groups, respectively (Table 4) . Additionally, we noted that patients with high M-score were more likely to need 2 cycles of induction chemotherapy than those with a low M-score in order to achieve CR (29% vs. 6%, P = 0.001).
Validation of the M-score classifier in the E1900 cohort. We sought to validate the M-score prognostic classifier for OS in the independent Eastern Cooperative Oncology Group Trial 1900 (E1900) cohort (Supplemental Tables 7-9 ). For these patients, the mean and median M-score were similar to the UPENN cohort: 98.2 (95% CI, 94.1-102.3) and 91.8 (range, 20.0-204.6), respectively (Supplemental Figure 1) . Also similar to the UPENN cohort, the M-score was associated with survival on multivariable analysis (P < 0.0001), while the association with achievement of CR was marginally significant (P = 0.076).
The binary prognostic classifier derived in the UPENN cohort identified E1900 subgroups with different OS (log-rank P < 0.00001, Figure 2 ). The median OS in patients in the low M-score group was 29.5 months versus 12.6 months for those with high M-score. Among patients with intermediate cytogenetics (n = 249), OS was also significantly different (log-rank P = 0.0003), with median OS of 32.3 months versus 14.1 months in the low and high M-score groups, respectively. Additionally, we found that patients with low M-scores had better OS compared with those with high M-scores in the following subgroups: patients who had intermediate cytogenetics with a FLT3-ITD mutation (log-rank P = 0.003), younger and older patients (<50 years, log-rank P = 0.0015; ≥50 years, logrank P = 0.0015), and in recipients of both standard and high dose anthracycline induction (standard-dose, logrank P < 0.00001; high-dose, log-rank P = 0.015).
Since a primary objective of E1900 was to assess the impact of daunorubicin dose on AML outcome, the impact of treatment on patients with low and high M-scores was assessed. We found that high-dose daunorubicin was beneficial for patients with high M-scores (log-rank P = 0.001) but not for those with low M-scores (log-rank P = 0.328; Supplemental Figure 6 ). Bold numbers indicate P values that are considered to be significant. c l i n i c a l m e d i c i n e 
Discussion
Multivariable models incorporating standard AML prognostic characteristics have only a modest ability to predict clinical outcome, and the addition of molecular markers adds little to these models (15) (16) (17) . To improve AML prognostication, we developed a clinically applicable assay for multilocus methylation assessment (xMELP), along with a corresponding M-score (10, 11) . We now demonstrate that the M-score is robustly associated with CR and OS in both univariate and multivariable models in multiple independent AML cohorts. Remarkably, in the UPENN cohort, a reduced model for OS is based solely on the M-score, patient age, and NPM1 + FLT3-ITD -status; other information, including cytogenetics and presence of a FLT3-ITD mutation, provided little additional prognostic value. We also explored the association between M-score and recurrent intragenic mutations in the subgroup of UPENN patients with available extended mutation profiles obtained by next-generation sequencing. Mean M-score was higher in DNMT3A mutant patients and in the small group of IDH1 mutant patients, but multivariable analyses that included DNMT3A and IDH1 confirmed the independent association of M-score and clinical outcomes.
Determining the mutational profile in AML will remain important to clinical care, particularly in settings where mutations are able to predict response to targeted agents; however, clinical use of the xMELP assay and associated M-score may decrease the need for comprehensive genetic testing for risk stratification at diagnosis (18) (19) (20) . Our reduced multivariable models indicate that the M-score has a stronger association with clinical outcome than many established prognostic factors, including cytogenetics and FLT3-ITD status, as well as other genetic lesions assessed by next-generation sequencing analysis.
Cox regression analyses showed strong association between the M-score and clinical outcomes; however, it is difficult to apply continuous measures of association in clinical practice. The binary M-score classifier, which we validated in multiple clinically important subgroups and a large independent cohort, clearly enhances the usefulness of the M-score for practicing clinicians. Additionally, the different responses to daunorubicin seen in M-score-defined groups suggests that M-score may correlate with chemoresistance and identify patients that could benefit from high-dose chemotherapy.
It is important to recognize that the loci contributing to the M-score do not account for all sites subject to aberrant methylation in AML. These specific loci in combination represent a marker of prognosis rather than an explanatory model of AML biology. Previous studies have indicated that epigenetic dysregulation of multiple cellular activities, such as repression of tumor suppressors and DNA repair enzymes by DNA methylation, contribute to therapy response (21) (22) (23) . Thus, M-score may reflect the overall epigenetic state of the leukemic cells, and tumors with high M-scores may be epigenetically predisposed to chemoresistance. Importantly, we showed that M-score is not correlated to blast percentage, suggesting that the assay reflects abnormal methylation in both blasts and more differentiated myeloid cells derived from leukemic precursors. This finding is consistent with our previous studies demonstrating that Ficoll centrifugation does not alter M-score (11) , and it shows that M-score provides representative prognostic information regardless of the blast percentage in the specific sample submitted to the clinical lab.
The studied cohorts include only patients with de novo AML treated with induction chemotherapy, so our conclusions are currently limited to similarly treated patients. The prognostic value of the M-score for patients with AML arising in the setting of prior chemotherapy or myelodysplasia, or those treated with nonintensive regimens including hypomethylating agents, are areas of further research. Additionally, we have no information regarding the association between M-score and other prognostic markers, including minimal residual disease status (24) . Of note, we do not have sufficient power in our cohort to assess whether allogeneic stem cell transplant alters M-score-based risk, which is clearly an essential area of future investigation.
In summary, the M-score provides valuable information in the clinical setting regarding the likelihood of long-term survival after AML induction. Those patients predicted to have poor outcomes based on M-score may be better served with more intensive postremission treatment or enrollment on a clinical trial.
Methods
Study population and patient samples UPENN cohort. We performed xMELP (described below) on 166 AML samples collected at UPENN. Samples were selected from consecutive patients with de novo AML (25) who consented to donation of a diagnostic sample to the Hematologic Malignancies Tissue Bank of the University of Pennsylvania between 2001 and 2012 and who consented to review of their medical records; whose banked sample yielded adequate quality DNA for xMELP analysis, for whom standard molecular (FLT3-ITD and NPM1) and cytogenetic studies were performed; and who had undergone induction with an anthracycline and cytarabine (see below). Of these patients, 66 had been included in a preliminary report describing the association of M-score with clinical outcome (11) . Cytogenetic risk was classified according to the Medical Research Council criteria (26) . FLT3-ITD and NPM1 status was assessed in a CLIA-certified lab and classified as mutant or WT. For 136 patients, extensive molecular information was available from next-generation sequencing of 33 genes associated with hematologic malignancies (27, 28) . Average read depth was 3,000×, minimal depth was 250×, and reporting frequency cutoff for variants was 5%. Mutations were classified as pathogenic, likely disease-associated, variant of uncertain significance (VUS), or likely benign based on review of publically available data. Only pathogenic or likely disease-associated mutations were considered abnormal. Patient and disease characteristics, treatment, and outcomes were obtained from medical records. Median follow-up was 68.1 months (range, 1. 
Samples, xMELP, and the M-score
The xMELP assay was performed on UPENN samples as described (10, 11) . Briefly, JHpaII 12XXXX primer (diluted to 3 optical density [260] units [OD] per ml, CGCCTGTTCAT) and JHpaII 24XXXX primer (6 OD/ml, CGACGTCGACTATCCATGAACAGG) were annealed by heating to 95°C for 3 minutes and slowly cooling to 25°C. Approximately 1-3 million cryopreserved cells from AML patients were thawed and washed once with PBS. Genomic DNA was extracted with Qiagen Gentra Puregene DNA isolation kit. Genomic DNA (500 ng) was then digested with either HpaII or MspI restriction enzymes and simultaneously ligated to the annealed primers by mixing genomic DNA with 7.5 μl of annealed primers, 2U T4 DNA ligase (Invitrogen), 0.5 μl ATP (100 mmol/L, pH 7.0, New England Biolabs), or either 4U of MspI (New England Biolabs) or 2U of HpaII (New England Biolabs) in a total reaction volume of 50 μl. After overnight incubation at 25°C, the reaction was diluted with 450 μl of ddH 2 O, and 10 μl of the diluted DNA was subjected to PCR using 1 μl of JHpaII 24XXXX primer (6 OD/ml) and 1 μl Native Taq polymerase (ThermoFisher) in 50 μl total volume. Cycling conditions were 72°C for 10 minutes once, followed by 20 cycles of 95°C for 30 seconds and 72°C for 3 minutes, and a final 72°C extension for 10 minutes. PCR products (8 μl) were then hybridized to specific fluorescent microspheres following manufacturer's protocol (Quantigene Plex 2.0 Assay, Affymetrix). Following hybridization, microspheres were analyzed on a Flex-MAP 3D instrument running XPONENT software (Luminex). As our studies have shown, xMELP is not significantly affected by freezing samples or Ficoll centrifugation; these variables were not standardized in the assay (11) .
M-score of each sample was determined using the random forest classification algorithm previously trained on an independent cohort of 344 AML samples collected by the Dutch-Belgian Hemato-Oncology Cooperative Group (HOVON) (R-scripts for M-score derivation are described and publicly available) (11) . For E1900 samples, HELP-derived methylation data from BM samples were transformed to MELP-associated values using previously described regression coefficients (10).
Treatment and definitions
UPENN cohort. The induction chemotherapy regimen in all cases included an anthracycline and cytarabine (Supplemental Table 1 ). Patients with residual leukemia at nadir BM assessment were frequently retreated with an anthracycline-based regimen or high-dose cytarabine at clinician discretion. Endpoints were OS and CR. OS was time from induction chemotherapy to death from any cause. For living patients, OS times were censored at last follow-up. CR was defined as morphologic leukemic-free state on BM examination
